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Precision measurements using traditional heterodyne readout suffer a 3dB quantum noise penalty
compared with homodyne readout. The extra noise is caused by the quantum fluctuations in the
image vacuum. We propose a two-carrier gravitational-wave detector design that evades the 3dB
quantum penalty in heterodyne readout. Such a heterodyne readout scheme can reduce technical
complexity and technical noise couplings compared to homodyne readout. We further propose a
new way of frequency-dependent squeezing utilizing two-mode squeezing in our scheme. It naturally
achieves more precise audio frequency signal measurements with radio frequency squeezing which
avoids the classical noise at audio frequency. In addition, the detector is also compatible with other
quantum non-demolition techniques.
Introduction — Since 2015, laser interferometric
gravitational-wave detectors have made a series of di-
rect observations of gravitational waves from mergers of
binary black holes and neutron stars [1–3]. They have
opened a new observational window into the universe and
provided significant new inputs to many scientific fields.
These detectors are dual-recycled FabryPerot Michel-
son interferometers. In the interferometer, a laser field
is pumped from the symmetric port, enhanced in the
power recycling cavity and then circulated in the two
FabryPerot arm cavities, which senses the motion of test
masses induced by the gravitational waves. This probe
laser is called the carrier. When the interferometer op-
erates at the dark fringe, the carrier will return to the
symmetric port while the signal sidebands encoding the
differential motion of two arm cavities enter into the
anti-symmetric port. The signal-recycling cavity plays
the role of circulating the signal sidebands, which shapes
the frequency-dependent response of the interferometer
[4, 5]. To translate the electromagnetic sidebands into a
measurable electrical signal, an optical readout scheme is
required, which is also fundamental for determining the
sensitivity of the detector [6].
Heterodyne readout is widely implemented in precision
measurements, for example, for the stabilisation of laser
frequencies and optical cavities (also know as Pound-
Drever-Hall technique [7–13]) and the quantum squeez-
ing characterisation due to its natural immunity to the
low-frequency classical noise [14–18]. Compared with ho-
modyne readout, the heterodyne readout suffers from a
3 dB noise penalty as the scheme picks up the vacuum
fields above and below the local oscillator. The addi-
tional field that does not coincide with the signal is called
image vacuum [19–22]. The additional noise penalty is a
direct and necessary consequence of the Heisenberg un-
certainty principle when all quadratures are allowed to
be measured simultaneously [23]. In the first-generation
gravitational wave detectors, e.g. LIGO [24], Virgo [25],
TAMA [9], GEO600 [26], a heterodyne readout with two
balanced radio frequency (RF) sidebands was used, the
factor of 2 (3 dB) quantum penalty got reduced to a fac-
tor of 1.5. In this scheme the local oscillator sideband
Broadband 
Squeezer
FIG. 1. Schematic of the two-carrier gravitational-wave de-
tector with heterodyne readout. The red laser corresponds to
the carrier at ω1, the blue laser corresponds to the carrier at
ω2 and the cyan laser corresponds to the local oscillator at
ωL = (ω1 + ω2)/2. The broadband squeezer has a bandwidth
larger than (ω2−ω1)/2, but without the need of squeezing at
audio frequencies.
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FIG. 2. Two-carrier heterodyne readout with two-mode
squeezing: sideband picture (top) and quadrature picture
(bottom). The two carriers are at frequencies ω1 and ω2.
The single local oscillator field (or ”single sideband”) is in
the middle at ωL = (ω1 + ω2)/2. The squeezer is pumped at
2ωL, entangling sideband pairs symmetric around local oscil-
lator field at ωL. This leads to a two-mode EPR entanglement
between quadratures on ζ1 and ζ2. Ω is the frequency of the
audio signal sideband and ωm is the separation between the
local oscillator and each carrier.
fields beat with the carrier. But they also beat with the
two vacuum fields on either side, twice the modulation
frequency ωm away from the central carrier. The quan-
tum fluctuations from these image vacuum fields also con-
tribute to the total quantum noise [21]. In the subsequent
detector upgrades the readout scheme was switched to
DC readout [27, 28], a variant of homodyne readout. The
local oscillator in the DC readout is derived by slightly
detuning the arm cavities, which offsets the interferom-
eter from the perfect dark fringe. DC readout has the
advantage of a straightforward implementation without
needing an external local oscillator. However, the dark-
fringe offset induces extra couplings of technical noises
and is not ideal for future-generation gravitational wave
detectors [29]. A balanced homodyne readout can elimi-
nate the dark fringe offset by introducing spatially sep-
arated local oscillator [6]. This requires auxiliary optics
on the local oscillator path and additional output optical
mode cleaner, which introduces extra complexities [30].
Meanwhile, heterodyne readout is still used in the cur-
rent detectors for the stabilisation of auxiliary degrees of
freedom, such as the lengths of the dual recycling cavities
[31, 32].
Is there a way of evading the fundamental quantum
noise penalty in heterodyne readout? It was found that
the noise penalty of heterodyne readout could be evaded
if the image vacuum bands can be excited to contain
coherent signal flux [21, 33]. Inspired by this finding,
we propose a new gravitational wave detector design
that includes two carriers at ω1 and ω2 with a beam at
ωL = (ω1 + ω2)/2 serving as the heterodyne local os-
cillator. The three beams are evenly separated by RF,
ωm. This new design with heterodyne readout will lead
to an identical quantum-limited sensitivity performance
to that with homodyne readout and the same total arm
power, i.e. the sum of the power of the two carriers cir-
culating in the arm equals to the arm cavity power in the
single carrier detector with homodyne readout.
Another highlight of the two-carrier detector with het-
erodyne readout is the simplicity of generating and ap-
plying of quantum squeezing. Most gravitational-wave
signals from compact binary system detected by ground-
based detectors are within the audio band, from sev-
eral Hz to several kHz. However, at audio frequen-
cies, excess noises are significant due to the parasitic in-
terferences from back-scattered light [34, 35] and noise
coupling from control beams [36–41]. Good squeezing
is easier to produce and to be observed at high fre-
quencies in the MHz range, where the classical noise
of the laser is negligible. We will show that instead of
audio-band squeezing [42, 43], high-frequency squeezing
in broadband two-mode quantum state is sufficient in
our configuration. Our scheme naturally allows a mea-
surement of low-frequency signals with high-frequency
squeezing [44, 45].
Heterodyne readout and two-mode squeezing — As
shown in Fig. 2, in a single sideband heterodyne read-
out, two sideband modes, sˆ1,±Ω, sˆ2,±Ω around frequen-
cies ω1 and ω2 are measured. The photocurrent of the
heterodyne readout can be written as
I = ei(φL−φD)sˆ†1,±Ω + e
i(φL+φD)sˆ†2,±Ω + h.c. , (1)
where φL is the local oscillator phase and is assumed
to be pi/2 in this work, φD is the demodulation phase,
the local oscillator amplitude is assumed to be 1 and
h.c. denotes the hermitian conjugate. In the two-photon
formalism [46, 47], the photocurrent is proportional to
the combined quadrature [48]
Qˆζ = Hζ ·
[
Xˆ1 Yˆ1 Xˆ2 Yˆ2
]T
, (2)
with Hζ ≡ [cos ζ1, sin ζ1, cos ζ2, sin ζ2] . Here Xˆj , Yˆj (j =
1, 2) represent the amplitude and phase quadrature of
the sidebands sˆ1,±Ω and sˆ2,±Ω, respectively; ζj defines
the measurement quadrature,
ζ1 = φL − φD , ζ2 = φL + φD (3)
We normalise the shot noise spectral density for the vac-
uum state to be 1. In the two-mode quantum state, sˆ1
and sˆ2 are correlated [14, 41, 48, 49], of which the corre-
lation is quantified by the covariance matrix,
V =

α 0 β 0
0 α 0 −β
β 0 α 0
0 −β 0 α
 , (4)
3Frequency [Hz]
St
ra
in
 [1
/
H
z]
FIG. 3. Quantum-limited sensitivity of different configura-
tions. The blue curve corresponds to the case of single carrier
with heterodyne readout; the orange curve corresponds to the
two-carrier detector, which perfectly overlaps with the yellow
dash curve for homodyne readout; the purple solid curve is
sensitivity of two-carrier detector with 10dB squeezing; the
purple dot-dash curve corresponds to 15% power imbalanced
between two carriers. The balck curve is the Standard Quan-
tum Limit. The parameters used in the two-carrier detector
are the same as that of Advanced LIGO [11].
where α = cosh 2r, β = sinh 2r and r is the phase squeez-
ing factor. The spectral density of the combined quadra-
ture Qˆζ in Eq. (2) is given by
HζVHTζ = 2α− 2β = 2e−2r , (5)
which is a natural result of the EPR entanglement be-
tween quadratures of the two modes [16, 50–52], as illus-
trated in Fig. 2. As we can observe, to measure the audio-
frequency siderbands at Ω with higher accuracy beyond
shot noise limit, squeezing only at high frequencies, i.e.
ωm away from half of the pumping frequency, is required.
Conventionally, in a single carrier scheme, in which only
one of the two modes takes signal, the noise to signal ra-
tio is 2e−2r, where the signal part is normalised to be 1.
The factor of 2 here corresponds to the wellknown 3 dB
quantum penalty. In the two carrier scheme, the identi-
cal total power is divided into two carriers equally, the
noise to signal ratio becomes 2e−2r/(
√
2 +
√
2)2 = e−2r,
which demonstrates the evasion of the 3dB penalty.
Quantum noise of the detector — So far, we have been
focusing on the shot noise. Inside the interferometer, the
two sideband modes interact with the test mass through
the radiation pressure force by beating with the two car-
riers, which also introduces the radiation pressure noise.
When the interferometer is tuned with equal power in the
two carriers, the opto-mechanical factors describing the
interaction of the modes with the test mass mirrors and
their cross correlation are identical. They are equal to a
half of the opto-mechanical factor K defined in Ref. [53].
Note here because ωm is much smaller than ωj , we neglect
the effect of the difference in the wavelength of two carri-
ers. The input-output transfer matrix T for the quadra-
tures of these two modes and their response vector R of
the interferometer to the gravitational wave strain can
be derived as
T = e2iβ

1 0 0 0
−K/2 1 −K/2 0
0 0 1 0
−K/2 0 −K/2 1
 , R = eiβhSQL

0√K
0√K
 . (6)
Here β = atan(Ω/γ) is the phase of the sidebands at
frequency Ω acquired reflecting off from the inteferometer
with a bandwidth γ. The opto-mechanical factor is
K = 16ω0Pγ
mcLΩ2(γ2 + Ω2)
, (7)
where m is the mirror mass, P is the total circulating
power in the arm cavity. The Standard Quantum Limit
of the detector in strain is hSQL =
√
8~/(mΩ2L2).
The low-frequency radiation pressure noise can be im-
proved by using the frequency-dependent squeezing [53].
In the broadband detection mode, the same as the single-
carrier detector, we only need one filter cavity for the
two-carrier detector, as long as the free spectral range of
the filter cavity is integer number of 2ωm. The filter cav-
ity provides a frequency dependent quadrature rotation
θ1, θ2 for the two modes, which can be described by [54]
Pθ =

cos θ1 − sin θ1 0 0
sin θ1 cos θ1 0 0
0 0 cos θ2 − sin θ2
0 0 sin θ2 cos θ2
 . (8)
The quantum noise spectral density of heterodyne read-
out, normalised to the strain response, is given by
Shh = h
2
SQL
HζTPθVPTθ T†HTζ
|HζR|2 . (9)
When the frequency-dependent rotation angle satisfies
θ1 = θ2 = atanK , (10)
the noise spectrum reaches the minimal value
Sminhh =
h2SQL
2
K2 + 1
K e
−2r . (11)
In Fig. 3, we plot the noise spectral densities for dif-
ferent configurations as a comparison. The two-carrier
detector with heterodyne readout gives identical sensitiv-
ity to that of Advanced LIGO with homodyne readout.
The figure also shows that the scheme is robust against
a power imbalance between the two carriers: at 10 dB
frequency-dependent squeezing, considering 15% strong
power imbalanced between two carriers, it only results in
a 20% worse sensitivity at low frequencies.
4Criteria for macroscopic lengths — One important
difference between our proposed scheme and the single-
carrier detector is that lengths between core optics need
to be carefully set to defined absolute values to guar-
antee co-resonance of the respective optical fields. This
introduces new requirements on the macroscopic lengths,
in addition to the usual requirement for controlling the
microscopic position of the optics via feedback. We antic-
ipate this co-resonance requirement to be relatively easy
to achieve, as the current lock acquisition system already
permits selecting a specific fringe.
To keep the carriers resonant and the local oscillator
beam anti-resonant in the arm cavities, 2ωm shall be an
odd multiple of the free spectral range of the arm cavity,
c/(2L). Another consideration is on the coupling between
the symmetric and anti-symmetric ports for both the car-
riers and the local oscillator. Taking the local oscillator
field as DC by convention (ωL = 0, ω1 = −ωm, ω2 = ωm),
and locking the central Michelson on its bright fringe, we
can treat central Michelson as an effective mirror with
the amplitude transmissivity
rMI = ira sin
ω∆l
c
, tMI = ra cos
ω∆l
c
, (12)
where ω is the RF sideband frequency, ∆l is the Schnupp
asymmetry [32], ra is the amplitude reflectivity of arm
cavities. For the local oscillator anti-resonating in the
arm cavities, ra = −1, and ω = ωL = 0. For the car-
riers we have ra = 1, as well as ω = ω1 = −ωm and
ω = ω2 = +ωm respectively. To keep the carriers on the
Michelson dark fringe we need to have ωm∆l/c = pi/2.
The macroscopic round-trip length of the signal recycling
cavity and power recycling cavity should be tuned to give
following conditions: in the signal recycling cavity, the
signal (carrier) modes are anti-resonant, while the local
oscillator beam is resonant. In the power recycling cav-
ity, all three beams are on resonance. At the input port,
the two carriers require a pi/2 phase difference relative to
the local oscillator, which is the same phase relationship
as sidebands generated through phase modulation. In
Advanced LIGO, ωm is around 45 MHz, ∆l needs to be
around 1.67 m. Given the Advanced LIGO power and
signal recycling mirror transmissivity, 0.03 and 0.325,
the effective power transmissivity of local oscillator field
from symmetric port to anti-symmetric port is around
25%. Finally, to implement frequency-dependent squeez-
ing, according to Eq. (10), the required rotations for two
modes are identical, which is also the same as that in the
single-carrier detector with homodyne readout. To use
one filter cavity for two modes, we need integer times the
free spectral range of the filter cavity equals to 2ωm, as
mentioned earlier.
Conclusions and Discussions — We have shown the
proposed two-carrier gravitational wave detector with
heterodyne readout leads to an identical quantum-limited
sensitivity to homodyne readout. To implement fre-
quency dependent squeezing, only one filter cavity is
required, which is the same as the single-carrier de-
tector with homodyne readout. Furthermore, the two-
carrier detector also provides advantages for mitigating
other noise contributions: (1) it enables squeezing en-
hanced measurements in the audio-band and below with
high-frequency squeezing, which is immune to the low-
frequency classical noise; (2) it allows us to operate the
interferometer on the dark fringe without an additional
local oscillator path and output mode cleaners that are
essential to balanced homodyne readout scheme, in which
two mode cleaners are required [48]. If the higher optical
modes at the dark port cannot be suppressed by the in-
terferometer itself, one output mode cleaner of which the
free spectral range equals to ωm is sufficient. Compared
with the single-carrier detector, there is added complex-
ity related to the creation of two carriers on the input
laser side. We also need a detailed study of the mod-
ulation scheme and classical noise couplings, e.g. laser
frequency noise coupling due to a larger Schnupp asym-
metry, in order to eventually implement it.
As an outlook, we also want to highlight that the two-
carrier detector is also compatible to general quantum
nondemolition (QND) measurement schemes [55, 56], in
contrast to the conventional heterodyne readout [23]. For
example, similar to the implementation of frequency de-
pendent squeezing, we can add a filter cavity at the out-
put to realise frequency-dependent readout for back ac-
tion evasion [53]. The resulting optimal sensitivity is
Sopthh =
h2SQL
2
1
Ke
−2r . (13)
This saturates the fundamental quantum limit or the
quantum Crame´r-Rao bound [57–60].
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